One contribution of 13 to a theme issue 'The biomedical applications of graphene'. Ultrananocrystalline diamond (UNCD) has been demonstrated to have attractive features for biomedical applications and can be combined with nanoporous membranes for applications in drug delivery systems, biosensing, immunoisolation and single molecule analysis. In this study, free-standing nanoporous UNCD membranes with pore sizes of 100 or 400 nm were fabricated by directly depositing ultrathin UNCD films on nanoporous silicon nitride membranes and then etching away silicon nitride using reactive ion etching. Successful deposition of UNCD on the substrate with a novel process was confirmed with Raman spectroscopy, X-ray photoelectron spectroscopy, cross-section scanning electron microscopy (SEM) and transmission electron microscopy. Both sample types exhibited uniform geometry and maintained a clear hexagonal pore arrangement. Cellular attachment of SK-N-SH neuroblastoma endothelial cells was examined using confocal microscopy and SEM. Attachment of SK-N-SH cells onto UNCD membranes on both porous regions and solid surfaces was shown, indicating the potential use of UNCD membranes in biomedical applications such as biosensors and tissue engineering scaffolds.
Introduction
The application of novel materials to specific biomedical applications is often associated with a trade-off between functionality and biocompatibility. Considering neural stimulation as an example application, implant materials must not significantly affect the viability of the cells near the implant and must exhibit appropriate electrical properties for transmitting electrical signals. Diamond holds many attractive properties, including chemical stability, high hardness and excellent tribo-mechanical properties [1] , that are of particular interest in the biomedical field. Diamond films are traditionally synthesized using plasma-enhanced chemical vapour deposition (CVD) (e.g. microwave [2] [3] [4] , electron cyclotron resonance [5] , DC glow discharge [6, 7] ) or hot filament-assisted CVD methods [8] [9] [10] ; it is possible to modulate surface morphology, grain size and defect structure using these methods. CVD diamond can be classified as microcrystalline diamond, nanocrystalline diamond (NCD) or ultrananocrystalline diamond (UNCD) depending on the grain size [11] . Of the three, UNCD is of particular interest due to the small 2-5 nm grain size, low as-grown roughness (5-7 nm) and high amount of sp 3 bonding (95-98%). The small percentage of mixed sp 2 and sp 3 carbon phase that mostly resides at the grain boundary may facilitate cell attachment due to delocalized electrons [12] . The biocompatibility [13] , the absence of cytotoxicity [14] , anti-biofouling properties [15] and easy & 2018 The Author(s) Published by the Royal Society. All rights reserved.
surface modification properties [16] [17] [18] [19] [20] of this material are other attractive properties that open the possibility for use in biosensing and medical devices. The biocompatible nature of diamond combined with the ability to modulate parameters such as surface roughness and conductivity makes it a highly attractive material for medical electronics and other medical devices. Diamond has been studied in various applications, including as a passivation layer [21] , electrochemical electrode [14, [22] [23] [24] [25] [26] , wear-resistant coating [27, 28] , micro-electromechanical system (MEMS) material and nano-electromechanical system material [1, 29, 30] . Diamond coatings on temporomandibular joint prostheses [28] and heart valves [31] have been demonstrated to extend implant lifetime. Bergonzo et al. [25] have shown that NCD micro-electrode arrays were appropriate for use in retinal implants; no major reactive gliosis was associated with this type of implant. By including nitrogen in the reacting gases during film deposition, a tunable electrical conductivity as high as 260 V 21 cm 21 can be achieved [32] . Garrett et al. [22] found that nitrogen-doped UNCD (N-UNCD) exhibits charge injection capacity values as high as 163 mC cm
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, which was suitable for use in neural stimulation. Ganesan et al. [33] have proposed a scalable strategy for fabricating an all-diamond array that was composed of conducting N-UNCD channels within insulating polycrystalline diamond substrates. A wide electrochemical window (21.6 to 1.3 V) for N-UNCD enables a large potential range for operation and prevents nonreversible reactions, such as hydrolysis, protein reduction or oxidation [34] . Hydrogen-terminated UNCD has been studied as a substrate for biomedical MEMS; UNCD showed a low work for attachment when compared with a silicon surface [16, 17] . NCD with functionalized surfaces has been shown to exhibit low non-specific DNA attachment [35] , which can enhance sensitivity. Diamond-based biosensors have been created by binding antibodies [36] , enzymes [37] and/or fluorescent indicators [38] to the film surface. Surface properties such as roughness can affect the attachment, proliferation and differentiation of cells [14, 24, 33, [39] [40] [41] [42] . The neural attachment may occur within a specific range of roughness values and may favour a structured surface rather than a flat surface [43] [44] [45] . For example, Rezek et al. [46] examined the effect of protein absorption and cell growth on the solution-gated field-effect transistor based on hydrogen-terminated NCD.
Micro-/nanoporous membranes have been considered for use in many medical devices. Von Recum & Park [47] reported improved migration of epidermal cells for better sealing around percutaneous implants using a micro-porous [47] membrane. In recent years, nanoporous membranes have been used for implantable drug delivery systems [48, 49] , biosensing [50, 51] , immunoisolation [52, 53] and single molecule analysis [54] [55] [56] . Orosz et al. [48] have shown that antiangiogenic and antioxidant drugs can diffuse across the nanoporous membrane for medical treatment. Singh et al. [51] developed a cholesterol biosensor based on immobilization of cholesterol oxidase on a zinc oxide (ZnO) nanoporous membrane. La Flamme et al. [53] explored the immunoisolation of glucose from immunoglobulin G (IgG) with a nanoporous membrane (pore size as small as 7 nm), which is sufficiently permeable to glucose but excludes larger proteins. Kasianowicz et al. [56] showed that a lipid bilayer membrane was capable of single biomolecule analysis for DNA and RNA. Molecules traversing the membrane blocked the pores and resulted in decreased ionic currents that reflected the concentration, size and chemical properties of the analyte [56] .
Micro-porous UNCD membranes fabricated from commercially available silicon nitride substrates with various pore sizes were previously reported to be cytocompatible with human epidermal keratinocytes to gauge applicability for percutaneous implants [57] . However, nanoporous membranes of UNCD have not been evaluated as a biomedical interface to this point. Therefore, the goals of the present study were to (i) deposit N-doped UNCD by a novel process that used a nanoporous silicon nitride membrane as a scaffold for producing a free-standing nanoporous N-UNCD membrane and (ii) evaluate the attachment and morphology of SK-N-SH neuroblastoma endothelial cells on these membrane substrates.
Experimental procedure 2.1. Membrane fabrication
Silicon nitride membranes of 200 nm thickness with 100 or 400 nm pores were commercially obtained (Ted Pella Inc., Redding, CA). Each sample was composed of a 500 Â 500 mm silicon nitride membrane and was supported by a circular silicon frame for handling. The middle of each membrane contained a 70 Â 80 mm pore array with a regular hexagonal arrangement. N-UNCD coatings were deposited on the porous silicon nitride substrates by using 915 MHz Lambda Technologies microwave plasma chemical vapour deposition (MPCVD). The silicon nitride membranes were seeded by continuous dipping in nanodiamond solution rather than ultrasonication due to the fragility of the nanoporous membranes. Membranes were dipped into a 20% diamond seed solution in methanol for 2 min and then dried by gentle dry nitrogen flow in a chemical hood. Prior to deposition, the chamber was pumped down to a base pressure of 5 Â 10 27 Torr. The deposition was carried out at 8508C and involved reactions between methane, argon and nitrogen gases in the chamber (CH 4 : 3 sccm, Ar: 160 sccm, N 2 : 40 sccm) with a pressure of 56.25 Torr. The forward microwave power was 2300 W and the absorbed power was 2145 W. The resulting deposition rate was around 6-7.5 nm min 21 .
Reactive ion etching and cross-section electron microscopy imaging using focused ion beam
After deposition of N-UNCD, the membranes were etched using a Plasmalab reactive ion etching (RIE) system (Oxford Instruments plc, Abingdon, UK). The silicon nitride membrane was removed from the silicon support by etching with fluoroform (CHF 3 ) plasma for 4 min from the back side of the chip.
Oxygen plasma was applied for 1 min to etch away diamond occluding the pores. After etching, the structure was imaged with an FEI Nova 600 A nanolab dual-beam focused ion beam (FIB)/scanning electron microscopy (SEM) system (FEI, Hillsboro, OR) was used to image both plane and cross-section views. For cross-section imaging, gallium ion milling was performed on a porous area to confirm the presence of open pores. Imaging using a JEOL 2000FX scanning transmission electron microscope (STEM) was also performed.
Conductivity measurement
Conductivity data were obtained using a Lucas Lab Pro4 four-point probe. As the fragility of the nanoporous membrane rsfs.royalsocietypublishing.org Interface Focus 8: 20170063
precludes the use of a four-point probe directly on the membrane, the conductivity of N-UNCD was obtained by measuring the resistivity of an N-UNCD film on an Si wafer substrate; the N-UNCD film was deposited using the same coating conditions as the N-UNCD nanoporous membranes.
Chemical characterization
The chemical phase (bonding configuration) of the membranes was examined by using a Renishaw inVia Raman microscope (Renishaw, Wotton-under-Edge, UK) with a He-Ne laser (633 nm wavelength). The chemical composition of the nearsurface region of an N-UNCD film on an Si wafer substrate was evaluated using a SPECS FlexMod X-ray photoelectron spectroscopy (XPS) instrument with Mg Ka excitation (1254 eV) and a PHOIBIS 150 hemispherical analyser. A takeoff angle at normal to the surface, an X-ray incidence angle of approximately 308 from the surface and an X-ray source to analyser angle of approximately 608 were used in this study. The base pressure in the analysis chamber was in the 10 210 mbar range.
SK-N-SH cell culture
SK-N-SH neuroblastoma endothelial cells (ATCC, Manassas, VA) were cultured at passage 2 or 3 using RPMI medium (11835-055; ThermoFisher, Waltham, MA) fortified with 10% v/v fetal bovine serum (FBS) (10437-028; ThermoFisher, Waltham, MA) in an incubator at 378C, 90% relative humidity and 5% CO 2 . Cells nearing 80% confluence were rinsed two times with phosphate-buffered saline (PBS), exposed to trypsin (T3924; Sigma Aldrich, St Louis, MO) for 5 min, centrifuged at 218g for 5 min, and the resulting pellet suspended in fresh medium. The cells in suspension were counted using a haemocytometer and diluted to 1.20 Â 10 5 cells ml
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. UNCD membranes were sterilized by exposing both sides to germicidal ultraviolet light for 30 min per side in a cell culture hood. Membranes were then placed into 24-well plates for cell attachment studies. Glass bottom (35 mm diam.) dishes (P35GC-0-14-C; MatTek, Ashland, MA) containing poly-Dlysine-coated no. 0 glass coverslips were used as the control surfaces. SK-N-SH cells were seeded at a density of 3.0 Â 10 4 cells cm
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, which corresponds to 0.5 ml in each well of a 24-well plate and 2.5 ml in the glass bottom dishes. Membranes were incubated for 24 h to allow for cell attachment.
Scanning electron microscopy imaging
For SEM imaging, membranes were rinsed with warm (378C) PBS and exposed to 2% glutaraldehyde (G5882; Sigma Aldrich, St Louis, MO) in PBS for 2 h. Fixed membranes were then rinsed with PBS and dehydrated through an increasing series of ethanol concentrations (10%, 25%, 50%, 70%, 95% and 100% v/v ethanol in ultrapure water) for 5 min each. Final dehydration was performed with exposure to 1 ml 1,1,1,3,3,3-hexamethyldisilazane (440191; Sigma Aldrich, St Louis, MO) for 5 min followed by drying on lens paper overnight. SEM images were acquired using a TESCAN Mira3 SEM (Brno, Czech Republic) after sputter coating with gold.
Confocal microscopy
A staining solution containing 45 mM 4,6-diamidino-2-phenylindole (DAPI; 62248; ThermoFisher, Waltham, MA) Membranes for confocal imaging were rinsed with warm PBS, exposed to 4% warm paraformaldehyde (15710; Electron Microscopy Sciences, Hatfield, PA) for 10 min, rinsed in PBS containing 1% v/v FBS, exposed to 0.1% v/v Triton X-100 (Sigma Aldrich, St Louis, MO) in PBS for 10 min, and stained for 30 min in the dye solution. After the dye solution was aspirated, 2 ml PBS was added to the glass bottom dishes and the control cells were immediately imaged. Stained membranes were contacted to a no. 1 glass coverslip using a droplet of PBS and immediately imaged. Images were acquired using a confocal microscope (TCS SP8X; Leica, Buffalo Grove, IL) using 405 and 500 nm excitation wavelengths. The DAPI emission signal was integrated over 420-478 nm and the Alexa Fluor 488 phalloidin emission signal was integrated over 510-530 nm.
Results and discussion
Free-standing N-UNCD nanoporous membranes were successfully synthesized using MPCVD and RIE. The conductivity of N-UNCD film ranged from 176 to 208
Microwave energy is associated with higher deposition rates than radio frequency energy under high-vacuum conditions. For N-UNCD film synthesis, pre-deposition treatment and seeding play important roles in determining grain structure and morphology. The conventional seeding process usually involves (i) mechanical polishing with micrometre-sized or nanometre-sized diamond powder or (ii) ultrasonic agitation to increase the density of nucleation sites, which leads to a more uniform coating with better mechanical properties [1, 11, 58] . In this study, the fragility of the nanoporous membrane made it impossible to sustain sonication; therefore, a dipping method was used. SEM images of the resulting membranes verified that this alternative seeding procedure results in smooth, uniform UNCD membranes as shown in figures 1 and 2. It was observed that membranes with 100 nm pores were closed by the lateral growth of N-UNCD; therefore, RIE was applied to etch silicon nitride membrane from the support structure and also to reopen the pores by etching away diamond particles in the porous region. In the 400 nm pore membranes, some residual diamond particles were observed surrounding the pore periphery as shown in figure 1c ; these features may result from under-etching of diamond with oxygen plasma. Transmission electron microscopy (TEM) images of the 100 nm nanoporous membranes showed open pores, which are indicative of fewer diamond particles that are segregated in the smaller pores after RIE. 
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In previous studies, fabrication of the porous membrane was usually carried out using electron beam lithography, RIE and optical lithography [59, 60] . Commercially available silicon nitride nanoporous membranes manufactured using these established techniques were purchased for this study. Silicon nitride is an appropriate substrate material for UNCD growth because the thermal expansion coefficient values for silicon nitride and diamond are similar, which facilitates lower residual stress and better film attachment. SEM-FIB and TEM images show that the UNCD membranes exhibit a patterned porous structure (figures 1 and 2) . The film thickness of both membranes was 150 nm. The porosity is approximately 25% and the pitch is approximately 750 nm for 400 nm pore membranes and approximately 200 nm for 100 nm pore membranes. As evident in the FIB cross-section images, the pores are cylindrical and retain a clear cross-section through the entire film thickness.
For both the 100 and 400 nm nanoporous membranes, the Raman spectra exhibited a typical Raman signature of N-UNCD with (i) a broad hump at 1332 cm 21 , which was attributed to the diamond-zone centre [2, 11, 61] , and (ii) a G band centred around 1575 cm 21 arising from stretch vibrations of sp 2 -bonded carbon [8, 62] . As shown in figure 3a , survey scan results from XPS demonstrated a surface composition of 94.8% carbon, 4.4% oxygen and 0.8% nitrogen; no impurities were detected. Deconvolution of C 1s spectra shown in figure 3b demonstrated predominant sp 3 carbon bonding (C2C at 285 eV) and small sp 2 bonding (284 eV)
that could be associated with the adventitious carbon on the surface as well as a small fraction of sp 2 bonding present within the grain boundaries of N-UNCD. The small shoulder at 285.9 eV and 287.3 eV corresponds to C2O and C¼O bonding, respectively, indicating some chemically bonded oxygen along with physisorbed oxygen on the surface [63] . SK-N-SH neuroblastoma endothelial cells were cultured on UNCD membranes and contrasted with poly-D-lysinecoated glass as a control surface. Cell morphology was assessed using confocal microscopy and SEM as shown in figures 4 and 5, respectively. In the 100 nm pore membrane, attachment of cell aggregates spanning the porous area was demonstrated on the surfaces of both the solid and porous regions. For the 400 nm pore membrane, no aggregates spanning both the solid and porous regions were found; thus, separate images of cells attached to either the solid surface or porous region were obtained.
Cell attachment on substrates is a crucial step and can be manipulated to regulate cell growth, proliferation and differentiation. In the literature, topography [43, 45, 64, 65 ], surface energy [39] , plasma treatment [12, 24, 33, 40] , surface termination with functional groups [41, 42] and electronic charge were shown to influence cell attachment. Parikh et al. [43] have investigated the influence of different surface morphologies, including smooth surfaces, islands, connected islands and pits on the attachment of SK-N-SH neuroblastoma endothelial cells based on self-assembly of gadolinium-doped ceria on yttria-stabilized zirconia substrates (GDC/YSZ). Increased attachment on pits and connected islands were observed and indicated that a higher feature area was a major determining factor. It is worth noticing that porous arrays with highly ordered symmetry resulted in decreased cell attachment, especially on hexagonal placement, based on the interaction between human mesenchymal stem cells and polymethylmethacrylate [66] .
UNCD is considered to be a good substrate material for supporting cell attachment because it can be treated with various types of gas plasma chemistry to have distinct surface termination that serves as an anchoring site for cells. In particular, a negative charge applied to the UNCD surface (e.g. oxygen termination) can attract positively charged ions, which promote binding of the extracellular matrix to the substrate material [67] . The attachment of cells on the solid surface in our study demonstrates the feasibility of the concept even without surface plasma treatment. A mechanism for cell attachment was proposed by Chen et al. [68] , who used an integrin-mediated attachment process of neural stem cells on the UNCD film. The absorption of fibronectin on the UNCD surface and further activation of integrin extracellular signalling-regulated kinase (Erk) signalling led to enhanced differentiation and growth. It has also been reported that a spacing of 140 nm was sufficient for focal contact and 440 nm was required for a v b 3 -mediated fibroblast spreading [69] . Our results showed that SK-N-SH cells spread across the porous region even though the spacing between the pores was around 200 nm for the 100 nm pore membranes. rsfs.royalsocietypublishing.org Interface Focus 8: 20170063
The feasibility of SK-N-SH cell attachment to the UNCD membrane indicates the potential use of UNCD as a neural interface. One especially promising application is for fabrication of retinal implants, in which patterning of conducting and passivating diamond layers could be beneficial. Current strategies involve traditional silicon-based technologies such as complementary metal-oxide semiconductor processes. For example, Stelzle et al. [70] fabricated a sub-retinal implant composed of a photodiode array using this process; upon illumination of the photodiode element, a current would be delivered to the rod and cone cells via a nanoporous titanium nitride electrode patterned on the surface [70] . However, the silicon dioxide passivation layer was found to degrade in vivo over a period of months [71] . It may be possible to fabricate a similar device which exposes only UNCD to the tissues; non-conductive UNCD could be used as a passivation layer while conductive N-doped UNCD could be used as an electrode material. The feasibility of a UNCD membrane as a bio-interface was shown. More detailed cell studies, including proliferation and metabolic activity studies, as well as in situ SEM studies will be used in future to understand cell-material interactions.
Conclusion
Free-standing nanoporous N-UNCD was successfully deposited on nanoporous silicon nitride membranes and exhibited typical N-UNCD characteristics after the etching step. SK-N-SH neuroblastoma endothelial cells exhibited similar morphology on the N-UNCD smooth surface, the N-UNCD nanoporous region and on the poly-lysine glass control. As no deleterious effect on cell attachment was observed, the N-UNCD coating may be an attractive material for fabrication of implanted MEMS devices. The high surface area presented by nanoporous regions is enhanced by the 5-10 nm grains of N-UNCD; thus, the increased surface area would contribute to an improved electrical signal delivered to the neural tissue. Previous studies from our laboratory demonstrated cytocompatibility of UNCDcoated membranes with human epidermal keratinocytes, suggesting their potential use in percutaneous implants [57] . Similarly, the finding of cytocompatibility of UNCD with SK-N-SH cells warrants further investigation into the use of this material in neural interfaces. Neural interfaces exciting either the photoreceptor cells or the ganglion layer of the retina have demonstrated shortcomings such as the degradation of the silicon dioxide passivation layer [71] . Successful attachment of cells to the N-UNCD surface combined with the chemical stability of diamond could potentially lead to improved implant longevity and functionality for neural devices.
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